We have investigated the evolution of the magnetic transport properties as a function of short annealing time in CoFeB/MgO/CoFeB based magnetic tunnel junctions ͑MTJs͒ with a free layer of 2 nm. It is found that the hysteresis behaviors in magnetoresistance ͑MR͒ loops disappear in samples annealed for 17 min. The linear region between MR and the applied field gradually increases. The MR loops without hysteresis can be well fitted by using the superparamagnetism theory, suggesting the formation of superparamagnetic particles in the free layer during the high temperature annealing. The control of MTJ properties with annealing time is desirable in magnetic field sensor productions.
I. INTRODUCTION
The tunneling magnetoresistance ͑TMR͒ in MgO-based magnetic tunnel junctions ͑MTJs͒ has been extensively studied since 2004.
1,2 CoFeB electrodes are widely used because they not only promote the growth of crystalline ͑100͒ MgO barrier, but also have required half-metal-like band structures for high TMR. 3, 4 Besides various applications such as read head, 5 microwave oscillators, 6 magnetic random access memory, 7 pressure sensors, 8 and microwave detectors, 9 a great deal of attention has been focused on its application in magnetic field sensors. The sensor application requires a hysteresis free MR loop and a linear response of TMR with respect to the magnetic field. There are two strategies to achieve these features. One can use a perpendicular magnetization configuration between two magnetic electrodes of rectangular or ellipsoidal shape with large aspect ratio. [10] [11] [12] Alternatively, one can introduce the superparamagnetic behavior in the free layer by reducing its thickness. [13] [14] [15] [16] The latter as the advantage of a simplified fabrication process, although a precise control of the free layer thickness is necessary.
In both techniques, high temperature annealing is an indispensable step to achieving a high TMR value in MgObased junctions. The annealing is usually hours long, taking place in a strong magnetic field and a high vacuum. Recent research 17, 18 revealed that a high TMR can quickly develop at the early stage of annealing in air or Ar, so the timeconsuming annealing and expensive vacuum equipment become unnecessary. In this study, we fabricated CoFeB/MgO/ CoFeB MTJ junctions with a relatively thin free layer and studied the evolution of the MR loops over annealing times at high temperature in Ar. We found that the MR loop becomes almost hysteresis free after 17 min of annealing and that the linear region gradually increases with annealing time and a tradeoff in TMR value. The hysteresis free loops can be well fitted by using the theory for superparamagnetism. This implies the formation of superparamagnetic particles in the free layer during high temperature annealing.
II. EXPERIMENT
The MTJ samples were deposited in a magnetron sputtering system with a base pressure of 8 ϫ 10 −8 Torr. The structure was Si/ SiO 2 / Ta 7/Ru 20/Ta 7/CoFe 4/IrMn 15/ CoFe 2/Ru 1.7/CoFeB 4/MgO 1.5-3/CoFeB 2/Ta 8/Ru 10, where the numbers are the layer thickness in nanometers. A thick Ru layer of 1.7 nm was used in the synthetic antiferromagnetic structure for better stability at high annealing temperatures. 17 A combinational technique was used to form a wedge-shaped MgO barrier layer on the wafer. MTJ junctions with diameters from 25 to 100 m were defined by standard photolithography and ion-beam etching. The annealing was performed in Ar atmosphere on a specially designed sample stage allowing for annealing temperatures up to 500°C. The oxygen level is lower than 5 ppm and the H 2 O level below 0.5 ppm. After being annealed for a certain time duration, the sample was cooled down to room temperature under a magnetic field of 2 kOe to establish the exchange pinning. Subsequently, the TMR ratio of the junctions was measured at room temperature in air by a conventional four-probe method. The same annealing and TMR measurement procedures were repeated several times on the sample in order to study its evolution over annealing time. The magnetic property of the sample was measured by a vibrating sample magnetometer ͑VSM, Lakeshore 7404͒. Figure 1 illustrates the TMR ratio and coercivity as a function of annealing time for a single MTJ junction, which was annealed at 460°C. The TMR ratio in this manuscript is calculated using ͑R AP − R P ͒ / R P , where R P is the resistance of the parallel state, in which the magnetizations of the free layer and the pinned layer are parallel. R AP is the resistance a͒ Electronic mail: kouxm@udel.edu. in the antiparallel state. The TMR for the as-prepared MTJs were only 5%-8%. The TMR quickly developed to 128% with only 1 min of annealing, similar to other reported results. 17 Interestingly, different from reported results, the TMR ratio gradually decreases from 128% to 17% after 70 min of annealing. The coercivity also shows a very different behavior. Little change in coercivity was seen in the first 4 min of annealing. Then the coercivity decreases rapidly from about 17.2 to 2.7 Oe in the next 12 min of annealing. The coercivity remains around 2 Oe for the rest of the annealing. We attribute this unique property to the formation of superparamagnetic particles in the free layer during the annealing, which will be explained in detail later. More than 20 junctions from the same wafer with different barrier thicknesses have been measured and they all show similar results.
III. RESULTS AND DISCUSSION
Selected MR loops of the same junction at different annealing times are depicted in Fig. 2 . As shown, the hysteretic behavior nearly disappears in samples annealed for longer than 17 min. The linear region gradually expands upon annealing. The dependence of the linear region on the annealing time is displayed in Fig. 3 , with the decreasing TMR ratio. The linear region at 70 min ranges from Ϫ47 to 68 Oe, more than ten times larger than that at 17 min, from Ϫ3.1 to 5.3 Oe. The growth of the linear region accompanied by the decreasing TMR value was also observed in other studies by systematically reducing the free layer thickness.
14 The advantage in our sample is that, in sensor fabrication, controlling of annealing time is much easier than tuning the free layer thickness in the range between 0.8 to 1.5 nm.
In order to explore the origin of the MR loops without hysteresis, blank samples without patterning were annealed for different durations at 460°C and measured by the VSM. The magnetic field was applied in plane, perpendicular to the pinning direction. The results indicate that no easy axis in the free layer was induced in the direction perpendicular to the pinning field by annealing. This rules out the possibility of a perpendicular magnetization configuration between two ferromagnetic electrodes formed during annealing, which may eliminate the hysteretic behavior. Another MTJ sample with the same structure but a thicker free layer of 3 nm was fabricated. Annealed at the same temperature, the sample shows 200% MR with little change in the first 15 min of annealing. After that, the TMR decreases and the coercivity remains at about 17 Oe. The reduction in the TMR can be attributed to the Mn diffusion during the high temperature annealing. 19 The same mechanism may also contribute to the TMR decrease in the sample with a thin free layer of 2 nm. However, it cannot explain the sudden change in coercivity. This comparison suggests the thickness of the CoFeB free layer is important to the unique property observed here.
In the aforementioned strategy of reducing the free layer thickness, a critical thickness exists, below which the free layer becomes superparamagnetic. The critical thickness is usually about 1.4 nm, smaller than the 2 nm in our junctions. Nevertheless, the annealing temperature of 460°C is much higher than the temperatures used by other groups. It is reasonable to consider that the high thermal energy changes the critical thickness, leading to superparamagnetic behavior in a relatively thick free layer.
The superparamagnetism theory is used to study the MR loops of the junction with 2 nm thick free layer. The junction was annealed for 20 min at 460°C. The MR loops were measured with different angles between the applied field and the pinning direction, illustrated in Fig. 4 . The applied field was in the film plane. For MTJ, the conductance of a junction can be expressed as
where P is a constant, and G 0 is the conductance when the magnetizations of the free layer and pinning layer are perpendicular to each other. F ͑ P ͒ is the angle between the magnetization of the free ͑pinning͒ layer and the applied field. After rearranging the equation, the change in the conductance becomes
The theoretical calculation 13 shows that the superparamagnetic particles in the free layer have a pancake shape. Thus, it is reasonable to assume that the magnetic moments stay in the film plane due to the shape anisotropy. Therefore we simplify the Langevin equation into a two-dimensional case. For an assembly of paramagnetic particles, the cos͑ F − P ͒ can be written as
where M s , k, and T are the saturation magnetization ͑860 emu/cc͒ of CoFeB, 13 the Boltzmann constant, and the temperature ͑300 K͒, respectively. H is the applied field. The particle volume V is used as a fitting parameter, which is set to be 1100 nm −3 . Another fitting parameter, the pinning field ͑240 Oe͒ is used for the loops measured at = / 6, / 3, and / 2. The fitted results are also shown in Fig. 4 , which match the experimental results very well.
Although the argument about the critical thickness altered by the high thermal energy is tentative and the underlying mechanism has yet to be elucidated, the excellent fitting implies that the formation of superparamagnetic particles during the annealing is highly plausible. The same analysis was applied to the MR loops annealed for different durations with = 0. It was found that the fitting parameter, particle volume V, quickly decreases with the annealing time, which seems counterintuitive. It has been known that the boron diffuses during the crystallization of the CoFeB layer. 20 One scenario to explain the decreasing particle size is that the initial continuous free layer keeps breaking down into small pieces during annealing because of the boron diffusion. Electronic microscopic study is under way in order to clarify this problem. It should be mentioned that we also annealed the 2 nm free layer sample at 420°C. The time dependent study shows a slow decay of TMR from 180% to 148% in 60 min and no coercivity changes, suggesting the high annealing temperature is crucial for the observed superparamagnetic behaviors.
The formation of the superparamagnetic particles and the decrease in the particle size upon annealing may cause the magnetic moments in the free layer to be more difficult to be aligned. Therefore, as long as the same measurement fields are used ͑Ϯ150 Oe͒, the parallel conductance G P decreases with annealing while the antiparallel conductance G AP increases, leading to the reduction in the MR value. The evolution of the parallel and antiparallel conductance of the same MTJ junction used above as a function of the annealing time is illustrated in Fig. 5 . The conductance in both configurations reduces with the annealing time. The decrease in the conductance was also observed in the previous study, 21 where the decrease in G P has been attributed to the impurities diffusion during annealing. However, in the present case the antiparallel conductance decreases much slower than the parallel conductance, supporting the above argument that magnetic moments in the free layer become more difficult to 
IV. CONCLUSION
In summary, we have studied the evolution of the magnetic transport properties as a function of the annealing time in CoFeB/MgO/CoFeB based MTJ junctions with a free layer of 2 nm. It is found that the hysteresis behaviors in MR loops disappear in samples annealed for 17 min. The linear region between MR and the applied field gradually increases. The MR loops without hysteresis can be well fitted by using the superparamagnetism theory, suggesting that superparamagnetic particles form in the free layer during the high temperature annealing. Controlling the MTJ property by altering annealing time is desirable in magnetic field sensor productions.
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